Cu 2 ZnSnSe 4 (CZTSe) is one of the leading candidates for the absorber layer in sustainable solar cells. Thin films of CZTSe with a near stoichiometric [Cu]/[Zn+Sn] were used to produce solar cells with conversion efficiency η = 6.4% by a standard solar cell processing including KCN etching and the deposition of CdS and ZnO. Both CZTSe films and solar cells were examined using photoluminescence (PL) to analyse the nature of radiative recombination and photoluminescence excitation (PLE) at 4.2 K to determine the bandgap (E g ). Low temperature PL spectra of the films reveal an intense band P1 at 0.81 eV and a low intensity band P2 at 0.93 eV. Their temperature and excitation intensity dependencies suggest that they both involve recombinations of free electrons with holes localised at acceptors with the energy level influenced by potential fluctuations in the valence band. We associate P1 and P2 with different fractions of CZTSe: with a lower and higher degree of order of Cu and Zn on the cation sub-lattice, respectively. Device processing reduced the intensity of P1 by 2.5 whereas the intensity of P2 increased by a 1.5. We assign this to a low temperature annealing due to CdS and ZnO deposition which increased the fraction of CZTSe with high degree of Cu/Zn order and decreased the fraction with low degree of Cu/Zn order. Device processing increased E g , blue shifted P1, decreased its width, j-shift and the mean depth of potential fluctuations. These can also be related to the annealing and/or KCN etching and the chemical effect of Cd, due to CdS replacing copper at the CdS-CZTSe interface layer. Processing induced a new broad band P3 at 1.3 eV (quenching with E a = 200 meV) which we attributed to defects in the CdS layer.
Introduction
The semiconductor Cu 2 ZnSnSe 4 (CZTSe) is a promising replacement for Cu(In,Ga)Se 2 (CIGSe) in the absorber layer of thin film solar cells [1] . After achieving a record conversion efficiency of 11.6% [2] CZTSe has been considered to be one of the leading candidates for sustainable photovoltaics (PV) due to the abundance of its constituent elements in the earth's crust, their relatively low costs, toxicity and an opportunity to tune the bandgap by alloying CZTSe with Cu 2 ZnSnS 4 (CZTS) [3] .
The substitution of In and Ga in the chalcopyrite lattice of CIGSe with alternating Zn and Sn changes the structure to kesterite [4] . Although the electronic properties of CZTSe retain a degree of similarity to those of CIGSe the substitution makes the chemistry of defects in CZTSe significantly more complicated than that in CIGSe [5, 6] . Intrinsic defects are blamed for the small value of the open circuit voltage (V OC ) in CZTSebased solar cells [7, 8] . Therefore, the clarification of the nature of such defects in CZTSe thin films is an important condition for further progress in the development of CZTSe-based solar cell technologies.
As with CIGSe p-type doping of CZTSe absorbers is attributed to intrinsic defects generated by significant deviations from the ideal stoichiometry. In CIGSe the [Cu]/[In+Ga] ratio is shifted towards copper deficiency to facilitate the formation of copper vacancies V Cu which are believed to be the main doping acceptors in this material [9] . The deep donors, generated in CIGSe with excess of In/Ga, namely indium on copper sites In Cu , are electrically passivated by the formation of the defect complex 2V Cu +In Cu . This compensates these donors and makes it possible to employ CIGSe for the fabrication of electronic devices. Similar mechanisms for the formation of neutral defect complexes have been proposed in CZTSe using density functional theory (DFT) [6] .
Correlations of the reported elemental composition of CZTSe absorber layers with the solar cell performance [6, 10] suggest that conversion efficiencies in excess of 5% can be achieved at significant copper deficiency and zinc excess compositions. At such compositions the probability of formation of V Cu , 2 which according to DFT calculations [6] is the shallowest acceptor, is high and thus this defect is a likely candidate for the role of acceptor in the most efficient solar cells [2, 8, 11] . Also, the shallow donor, formed by zinc at copper position Zn Cu , has a high probability of formation (at compositions with zinc excess) and is likely to combine with V Cu to form V Cu +Zn Cu defect complexes or A-defects [10, 12] . These complexes are considered to be beneficial for the device performance [6, 10] . The presence of V Cu and Zn Cu in copper deficient and zinc rich Cu 2 ZnSn(SSe) 4 has also been supported by experimental studies [13] .
However, reports on solar cells with conversion efficiencies as high as 6.9% at near stoichiometric [Cu]/[Zn+Sn] ratio can also be found in the literature [14] . Although a decrease of [Cu]/ [Zn+Sn] in this study improved the solar cell efficiency up to 8.1% there are studies demonstrating a deterioration of the efficiency with decreasing [Cu]/[Zn+Sn] [15, 16] . These suggest that the model proposed in ref. [6] might only be valid for a limited range of CZTSe fabrication technologies whereas the defect chemistry in CZTSe is generally more complex with near stoichiometric copper content material having much potential as the absorber layer in high performance solar cells. For the successful development of efficient solar cells with near stoichiometric [Cu]/[Zn+Sn] ratios of CZTSe one should understand the chemistry of defects in such material and the influence of solar cell processing steps required for the fabrication of solar cells.
One of the most efficient experimental techniques, providing information on defects in semiconductors, is photoluminescence (PL) [17] . Low temperature PL spectra of device quality CZTSe are dominated by a broad emission band that is assigned to band-tail related recombination mechanisms [18] [19] [20] . The spectral position of such a band depends on a number of factors: the bandgap E g , that is influenced by the degree of Cu/Zn disorder [21, 22] , the mean depth of the band tail as well as the type of tail-related radiative recombination [23] , the energy level of the defect [13] , as well as the sample temperature and excitation intensity [19, 20, 23, 24] . It follows that accurate interpretation of PL spectra requires measurement of the bandgap. In non-transparent CZTSe films deposited on Mo/glass substrates E g can be determined using photoluminescence excitation (PLE) spectroscopy [20, 23] .
Detailed PL studies of CZTSe mono-grain powder [18] , thin films deposited on bare glass substrates [24] and on Mo-coated glass [20, 23] as well as CZTSebased solar cells [19] can be found in the literature. However to the best of our knowledge no reports on the influence of the solar cell processing steps, such as the KCN etching and the deposition of CdS and ZnO, on the PL or PLE spectra of CZTSe can so far be found in the literature.
In this paper we present a detailed optical spectroscopy study of CZTSe thin films (with a near stoichiometric copper content) deposited on Mo/glass substrates and explore the influence of solar cell processing steps (KCN etching, deposition of CdS and ZnO) on the PL and PLE spectra.
Experimental details
Molybdenum layers with a thickness of 0.85 μm were deposited on soda-lime glass substrates using magnetron sputtering. Their resistivity maps were measured using a Jandel four-point probe head along with a Keithley multimeter incorporated in a X-Y mapping system. A resistivity map of the Mo layer, measured using a Jandel four-point probe head and a Keithley multimeter in conjunction with a X-Y mapping system, is shown in Fig.1(a) .
Multilayer metallic precursors, constituting a few nanometres thick alternating copper, zinc and tin layers, were sequentially deposited on the Mo-coated glass substrates (held on a rotating table) by threetarget magnetron sputtering of high-purity (5N) elemental metal targets at room temperature. These precursors were then selenised in a mixture of selenium vapour with argon using a two-stage thermal annealing process. This involved heating to 300 o C for 5 minutes and then to 500 o C for 15 minutes.
The CdS buffer layer was deposited using a standard chemical bath process at 70 o C following a 0.5 min etch of the films in a 10 wt % KCN solution [14] . Solar cells were produced by depositing i-ZnO/ZnO:Al window layers at room temperature using a DC-magnetron. 3×3 mm 2 size cells were then mechanically scribed. The solar cell parameters were measured under standard test conditions (25 o C, AM1.5 and 100 mW/cm 2 ). The current density versus voltage parameters (J-V) were measured by directly contacting the solar cell front surface without any deposited metallic grid. The solar cells, fabricated using the films, demonstrated a conversion efficiency of 6.4% along with an open circuit voltage V oc = 374 mV, short circuit current density J SC = 29.7 mA cm -2 and fill factor FF = 56.3%. Fig.1(b) shows the J-V characteristics of the examined solar cell. More information on the deposition process and solar cell characterisation can be found elsewhere [14, 20, 23, 24, 25] .
A 100 cm single grating monochromator and the unfocused 514 nm line (0.7 mm diameter) of a 300 mW Ar + laser were used for the PL measurements. For the PLE measurements two single grating monochromators, with focal lengths of 60 cm and 30 cm, were used to register the signal and for a tuneable source of light from a 400 W halogen lamp, respectively. The PLE spectra were measured by detecting the signal at the energy of the dominant PL band (0.8 eV). An InGaAs photomultiplier tube sensitive from 0.9 µm to 1.7 µm was used to detect the PL signal.
A closed-cycle helium cryostat was used to measure the temperature dependence of the PL spectra (from 6 K to 300 K). The PLE measurements were carried out at 4.2 K using a liquid helium bath cryostat. More experimental details can be found in ref. [20, 23, 24 ].
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The morphology of the bare CZTSe films was examined by scanning electron microscopy (SEM) using a 5 keV electron beam energy. Wavelength dispersive X-ray (WDX) microanalysis was performed at a 10 keV electron beam energy.
X-ray diffraction (XRD) measurements were carried out using a D -5000 Siemens diffractometer in the Bragg-Brentano geometry with a Cu Kα radiation source (λ = 0.15406 nm).
Results
A dense film with grain sizes of 1 µm can be seen in the SEM cross section micrograph in Figure 1 Neither of the XRD patterns reveal any significant lines of secondary phases, although ZnSe and Cu 2 SnSe 3 may still be present due to similarities of their crystalline structures to that of CZTSe [3, 4] . The processing changed neither the FWHM of the lines nor their intensity, suggesting that the crystalline structure has not been affected.
Figure 2.XRD pattern of CZTSe/ Mo and solar cell.
A comparison of the PL spectra (measured at 6 K and excitation power density of 0.32 W/cm 2 ) from the CZTSe/Mo/glass with that of the solar cell is shown in Fig.3 (a) on a logarithmic scale.
Before device processing the PL spectra reveal a broad dominant band P1 at 0.812 eV and a low intensity band P2 at 0.936 eV. Device processing reduces the intensity of the P1 band by a factor of 2.5 whereas that of the P2 band increases by a factor of 1.5. Also, processing induces a very broad and low intensity P3 band. Its maximum intensity was observed at the verge of the detector sensitivity limit of 1.3 eV. The PL spectra, taken at different points across the surface, reveal similar intensities as well as shapes of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the P1, P2 and P3 bands demonstrating homogeneity of the films on a macroscale. Fig.3 (b) shows the P1 band in the PL spectra of CZTSe/Mo and solar cell on a linear scale after normalisation. It can be seen that processing blue shifts the P1 band from 0.812 eV to 0.822 eV whereas the full width at half maximum (FWHM) of the P1 band decreases after the processing from 84 meV to 76 meV. The linear scale of the PL spectra in Fig.3 (b) brings out the asymmetrical shape of the P1 band. In both spectra one can see a rather steep high energy side and a gentler low energy one. The dependence of the PL spectra on the laser excitation intensity is shown in Fig.4 . Increasing laser power induces significant blue shifts in the spectral position of the P1 band in both CZTSe/Mo (a) and the solar cell (b) whereas their shape does not change. The rate of this shift (j-shift) is 14 meV per decade of laser power change for the CZTSe/Mo film and decreases to 13 meV/decade for the cell spectra as shown in Table 1 . The characteristic asymmetric shape of the P1 band, the invariance of this shape on the excitation intensity and the significant j-shifts suggest that the radiative recombination mechanism of this band is associated with band tails generated by spatial potential fluctuations due to high concentrations of charged defects [18, 20, [23] [24] [25] [26] [27] . The P3 band in the PL spectra of the cell also increases its intensity at higher excitation. However, limitations of the detector spectral range make it difficult to determine any spectral shift of this band. Fig.5 shows the temperature dependence of the PL spectra. The spectra from CZTSe/Mo show that the P1 band is quenched by 120 K revealing a low intensity emission band at 0.78 eV, which quenches by 140 K. The low intensity of this band, its merging with P1 and the detector range makes it difficult to analyse its nature. The P2 band can be seen to quench by 70 K. Fig.5(b) shows the P1 band in the PL spectra of the cell up to a temperature of 200 K. It red shifts up to a temperature of 70 K and then at higher temperatures it reveals a blue shift. In the chalcopyrites [27] and kesterites [18, 20, 23, 24] similar temperature dependencies were taken as evidence of the band-tail related nature of such transitions. As in the film the P2 band quenches by 70 K. At temperatures above 200 K the solar cell spectra show a broad band at 0.9 eV. Such bands, observed earlier in CZTS [28] and CZTSe [20, 23, 24] , were attributed to band-to-band (BB) transitions, involving the recombination of free electrons from the conduction band with free holes from the valence band. The P3 band in the PL spectra of the solar cell gradually quenches with raising temperature however it retains a relatively high intensity up to temperatures of 300 K. High concentrations of charged defects generate tails in the density of states (DOS) of the conduction and valence bands of semiconductors. Such tails can be induced by spatial potential fluctuations [26, 27] and/ or by fluctuations of the bandgap [29] . A theory of the influence of spatial potential fluctuations on the electronic properties of semiconductors [30] has been adopted to analyse PL spectra [26] . Such analysis was successfully used to interpret PL spectra of the chalcopyrites [27] and kesterites [18] . It suggests that the characteristic 5 asymmetric shape of the PL bands, their strong blue shift rate with increasing excitation intensity and the significant red shift with rising temperature, as observed in our PL spectra, are evidence of spatial potential fluctuations being the origin of the band tails in these spectra. Time resolved analysis of the PL emission of CZTSe [31] also suggests a potential fluctuation origin of the band tails in this material. Although we cannot totally exclude the influence of bandgap fluctuations on the formation of band-tails to interpret our results we assume the spatial potential fluctuation model [26, 27] .
Thin films of CZTSe used in high performance solar cells are generally considered to have high concentrations of both donors and acceptors [3, 18, 20, 23, 31, 32] . A semiconductor is highly doped if the mean distance between defects is smaller than their Bohr radii [30] . In the kesterites this condition can be satisfied more easily for electrons than for holes [33] because the theoretically estimated DOS mass of electrons m * e = 0.08m 0 , whereas that of holes is greater m * h = 0.21m 0 [34] . Overlapping donor wave-functions degenerates the material in terms of donors whereas heavy holes can stay localised either at the states of the valence band tail or at acceptors which are deeper than the potential fluctuations [26, 27] .
PLE spectra were measured for both samples to determine the bandgap. These spectra are shown in Fig.6 along with the PL spectra. The low energy side of the PLE spectra represents the absorbance (E). To determine E g this side has been fitted with sigmoidal functions proposed in [35] :
where hv represents the photon energy,  0 a scaling parameter and E is a broadening parameter [36] . The best fitted curves are shown in Fig.6 by solid lines. The determined bandgap values are (0.96 ± 0.01) eV for CZTSe/Mo and (0.99 ± 0.01) eV for the solar cell, respectively, as listed in Table 1 . The processing has induced a considerable increase of the bandgap by 30 meV which is also accompanied by an increase of the broadening parameter from 33 meV to 36 meV. 
Analysis of PL spectra
The possible transitions which can be found in low temperature PL spectra of highly doped semiconductors, where holes are much heavier than electrons, [26, 27] are: (1) the band-to-tail (BT) recombination of holes localised at the tail of the valence band and acting like an acceptor state, with free electrons from the conduction band, (2) free-tobound (FB) recombination of free electrons with holes localised at an acceptor with its energy level deeper than the mean depth of the band-tail.
On a microscale the spectral energy of such a level follows spatial fluctuations of the valence band so the spectral shape of such a FB band is similar to that of the BT one [36] . Such recombination bands have broad and asymmetric characteristic shapes, high j-shift and demonstrate characteristic red shift at increasing temperatures. To analyse the excitation intensity and temperature dependency of the P1, P2 and P3 bands the experimental spectra were fitted with the empirical double sigmoidal functions (DSF) proposed in [27] for BT and FB bands:
where A, E 1 , E 2 , W 1 and W 2 are fitting parameters. E 1 and W 1 describe the low energy side of the band whereas E 2 and W 2 are associated with the high energy one. Examples of fitting of the PL spectra measured at 6 K are shown in Fig.7 demonstrating that the fitted DSF describe the band shape well.
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The main parameters of P2 are shown in Table 1 . The dependence of the spectral position of this band on the excitation power in comparison with that of P1are shown in Fig.8(a) . The P1 and P2 peaks are not well resolved so the accuracy of the P2 fittings by DSF was not sufficient for further analysis.
The decomposition of P1 and P2 provides an opportunity to estimate the intensity of P2 and to compare it with that of P1. Before solar cell processing the P1 band intensity exceeded that of P2 by a factor of 600, whereas after processing, the intensity of P1 decreases and that of P2 increases, reducing the intensity ratio to about 140. A comparison of the jshifts for the P1 and P2 bands is shown in Fig.8(a) . In CZTSe/Mo, increasing the excitation intensity, blue shifted the P2 band at a rate of j = 8 meV per decade, which is significantly smaller than that of P1. The processing increased the j-shift of P2 to 12 meV/d making it closer to that of the P1 band as shown in Table 1 . The dependence of the integrated intensity I of a PL band on excitation laser power P can be described as I(P) ~ P k , where k is a coefficient which can be determined from the gradient of a straight line fitted to a log(I) -log(P) scale. For both the P1 and P2 bands in the CZTSe/Mo spectra the k value is found to be of 1.0. The processing does not change k for the P1 band whereas for P2 it reduced k to 0.85 as shown in Table  1 . According to ref. [37] the presence of defect energy levels within the bandgap results in the involvement of these defects in radiative recombination processes reducing k-values below unity whereas k values greater than unity, should be taken as an indication of transitions not involving defects. A near unity value of k could be due to the presence of an unresolved BB recombination in the dominant band. The BB transition was reported in the PL spectra of CZTSe from cryogenic temperatures up to 300 K [20, 23, 24 ] . The low-energy sides of the bands are determined by the density of states (DOS) of the valence band tail  v [26, 27, 32] which in the case of the BT transition can be described at low temperatures by the following function:
Where γ is the average energy depth of the spatial potential fluctuations in the valence band and  is the energy from the valence band top. The FB transition is associated with the recombination of free electrons with holes localised directly at the acceptor as well as holes first localised at the valence band tail states, released and then captured at the acceptor. Potential fluctuations spread the acceptor's level to a band with a Gaussian distribution [26, 32, 38] so the hole density of states can be described as:
where the acceptor ionisation energy is I a and N a is the acceptor concentration. Thus, in both cases spatial potential fluctuations determine the low energy side of the band and its shape can be used to determine the average depth of potential fluctuations γ. To identify which of the recombination mechanisms is more likely to be present in our spectra we examine the temperature quenching of the band to find activation energies and compare them with γ. In the case when the activation energy is a fraction of γ the band can be assigned to the BT transition. If the activation energy is greater than γ then the band should be attributed to FB. The W 1 and W 2 temperature dependence of the CZTSe/Mo film and the cell are shown in Fig.8(b) . Up to about 50 K, W 1 does not change much whereas W 2 gradually rises, therefore by temperatures of 100 K the P1 band becomes more symmetrical. Its shape becomes close to Gaussian due to increasing scattering of the carriers by phonons [26] . The value of W 1 at low temperatures can be taken as an estimate of γ [27] which for CZTSe/Mo is of 24 meV whereas for the cell it is of 21 meV demonstrating a slight decrease of γ due to the processing. These values are shown in Table 1 . Arrhenius analysis of the temperature quenching of the P1, P2 and P3 bands was carried out assuming a single recombination channel and a dependence of the hole capture cross section on temperature [39] :
Where for the intensity of the analysed band I we used the integrated intensity of P1, P2 and P3. The band intensity at the lowest used temperature (6 K) is I 0 , the process rate parameters are A 1 and A 2 , and E a is the process activation energy. Arrhenius fits to the experimental date points for CZTSe/Mo and the cell are shown in Fig.9 . An activation energy of E a1 = (65±3) meV was determined for the quenching of P1 in the PL spectra of CZTSe/Mo. After processing the activation energy increases to E a2 = (85±3) meV. For the P2 band in the PL spectra of CZTSe/Mo E a was determined to be (85±5) meV whereas for the cell E a becomes (75±7) meV. The activation energies are shown in Table 1 and are all greater than γ, implying that the P1 band is likely to be associated with the FB transition, the recombination of free electrons with holes localised at an acceptor with the energy level influenced by spatial potential fluctuations. Due to the low peak intensity it was impossible to analyse the low energy side of P2 to determine γ. However, its high jshift of 8 meV/d and red shift with rising temperature can be taken as evidence of a band-tail nature of P2. This transition was also assigned to the FB recombination of free electrons with holes captured by an acceptor with a level above the valence band that is slightly deeper than that of P1.
Only the low energy side of the P3 band can be seen in the measured PL spectra. However, the recorded part can be well fitted with the DSF shape, resulting in a maximum at 1.3 eV and FWHM of 350 meV. An example of such fitting is shown in Fig.7(b) . Arrhenius analysis of the P3 temperature quenching, shown in Fig.9(b) , results in E a of (200 ± 14) meV.
Discussion
The reported spectral position of the dominant band in the low temperature PL spectra of CZTSe varies from 0.8 eV to 0.99 eV [15, [18] [19] [20] [21] 23, 24] . This position is determined by the type of PL transition and the bandgap which in turn is influenced by the degree of Cu/Zn disorder [15, 21, 24] . Copper vacancies can suppress the disorder [40] whereas low concentration of V Cu , as expected for near stoichiometric copper content, induces a high degree of the Cu/Zn disorder. At high copper contents and an excess of zinc over tin the formation of Zn Cu +Cu Zn antisite defect complexes is expected. According to theoretical studies [6, 41] this should result in a reduction of the bandgap. Indeed, before processing the dominant P1 band, is at about 0.81 eV in the low temperature PL spectra, whereas E g is closer to 0.96 eV. Both values suggest a high degree of Cu/Zn disorder [22] whereas the P2 band has its spectral position blue shifted with respect to P1 by about 0.12 eV. This is consistent with a low degree of Cu/Zn disorder. The Cu/Zn disorder can be controlled by low temperature annealing reversibly changing E a by up to 100 meV [22] .
A study of CZTSe/Mo films with similar near stoichiometric [Cu]/[Zn+Sn] and excess [Zn]/[Sn] ratios demonstrated similar low temperature PL spectra with two bands: a dominant band at 0.83 eV and a low intensity one at 0.93 eV [23] . In that report the 0.83 eV band was assigned to a high degree of Zn/Cu disorder whereas the 0.93 eV band was attributed to the presence of a small fraction of CZTSe with higher degree of ordering.
The above model was used to interpret the origin of P2 in our spectra. We assumed that due to the near stoichiometric copper content and excess of zinc, the CZTSe in our films has a high degree of Cu/Zn disorder resulting in a relatively small bandgap of 0.96 eV and the P1 dominant band at 0.812 eV. However, a fraction of the CZTSe, responsible for the P2 band, has a high degree of ordering, and a larger bandgap value. The lower intensity of this band with respect to P1 (by a factor of 600) is consistent with this fraction being rather small and, therefore, PLE measurements were not reliable for the determination of its E g . The similarity of the PL spectra at different points demonstrates the macroscale homogeneity of the films whereas on a microscopic scale the films might contain areas with a higher degree of the Cu/Zn ordering. The 8 meV/d j-shift of P2 is significantly smaller than 14 meV/decade of the P1 band. According to [26] a j-shift is associated with the compensation degree, suggesting that before device processing a small fraction of the more ordered CZTSe is less compensated. The FWHM of P2 of 53 meV is smaller than that of P1 of 84 meV which is consistent with a better structural quality of the material fraction that generated the P2 band.
Device processing changed the PL and PLE spectra. These changes include the effect of cleaning of the surface of CZTSe by removal of secondary phases with the KCN etch, the formation of the p-n junction, modification of the CdS-CZTSe interface composition by inter-diffusion of elements between the CZTSe and CdS layers and the low temperature annealing during the deposition of CdS and unintentional annealing during the deposition of ZnO.
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Processing increased the bandgap by 30 meV. Such an increase is consistent with an improvement of the degree of the Cu/Zn order in the fraction of CZTSe generating P1 and can be induced by the annealing as observed in ref. [22] . Once the fraction of the CZTSe with a low degree of order becomes smaller, the intensity of P1 also becomes smaller. On the other hand, an increase of the fraction of the CZTSe with a higher degree of Cu/Zn order results in a higher intensity of P2. Although the disordered CZTSe still dominates the film, the ratio of the P1 to P2 intensities becomes smaller (140). A higher degree of Cu/Zn order after processing is consistent with a reduction of the FWHM of P1, from a value of 84 meV before device processing to 76 meV for the complete devices. The average depth of the potential fluctuation also falls from 24 meV to 22 meV after processing.
The observed increase in E g (by 30 meV) is expected to induce a similar blue shift to the PL bands. Indeed, the P1 band has blue shifted. However, the shift of 10 meV is significantly smaller than the increase of E g . The P1 band was assigned to the recombination of free electrons with holes localised at an acceptor. Before device processing the acceptor had a value of E a of 65 meV, whereas after processing, E a became 85 meV implying a change of the acceptor for one which is about 20 meV deeper. Processing also redshifted the P2 band by about 10 meV. This was accompanied by a decrease in its activation energy from 85 to 75 meV also implying a change of the main acceptor to one which is shallower and consistent with the red shift of P2. There is a possibility that such a change in the acceptor nature has a chemical origin: cadmium atoms diffuse into CZTSe changing the chemistry of defects at the CdS/CZTSe interface layer [42] . A theoretical study of the formation energy of the Cd Cu antisite defects in CZTSe demonstrates that their formation energy is small although it is positive [43] . The inter-diffusion of elements at the CdS-CZTS interface takes place within a thin interface layer whereas the rest of CZTSe is not affected by Cd. This could be a reason why the observed changes in the jvalues after the processing were relatively small. It is speculated that the greater change in the j-shift of the P2 band after the processing, increasing from 8 meV/d to 12 meV/d, could be due to local copper deficiency on a micro-scale resulting in a higher degree of Zn/Cu order and responsible for P2.
The deposition of n-type CdS on p-type CZTSe forms a p-n junction creating a space charge layer (SCL) in the CZTSe. Its thickness can be estimated as 0.3 µm [44] . At an absorption coefficient of 5x10 4 cm -1 [45] the thickness of the layer excited by the laser can be taken as 0.2 µm suggesting that the SCL can influence the PL emission in the cells. Under the open circuit conditions of the PL measurements the photoinjected charge carriers can significantly reduce both the thickness of SCL and the magnitude of the electric field in it [46] . The action of these charge carriers is equivalent to a forward bias distorting the equilibrium electric fields. Therefore, the influence of the p-n junction on the PL spectra might be insignificant. This is supported by the similarity of the k-parameter of the dominant band P1 before and after the processing.
Device processing also induced a new broad band at 1.3 eV, quenching with E a of 200 meV. This band was attributed to defects in the CdS layer.
Conclusion
Thin films of CZTSe, with a near stoichiometric [Cu]/[Zn+Sn] ratio, fabricated on Mo/glass substrates by the selenisation of metallic precursors, were processed to produce solar cells (V oc = 374 mV, J sc = 29.7 mA, FF = 57.7%, η = 6.4%) by KCN etching and the deposition of CdS and ZnO layers. The bandgaps of the as deposited films and solar cells was determined by PLE. PL was used to analyse the nature of the recombination. At 6 K the PL spectra of CZTSe/Mo reveal an intense band P1 at 0.81 eV and a low intensity band P2 at 0.93 eV. Their shape, high j-shifts with the excitation intensity change and a clear red shift at increasing temperature relate both bands to the valence band potential fluctuations with a mean depth γ of 24 meV. A comparison of their temperature quenching activation energies with γ suggests that both can be attributed to the free-to-bound recombination of free electrons with holes localised at acceptors with the energy levels spread by the potential fluctuations. It is suggested that due to its inhomogeneity CZTSe contains micro-volumes with different degrees of Cu/Zn ordering on the cation sub-lattice: a large fraction with a low degree of ordering (generating P1) and a small fraction of highly ordered Cu/Zn (generating P2). Device processing increased E g from 0.96 eV to 0.99 eV, blue shifted P1, decreased its width, j-shift and γ. However device processing also decreased the P1 intensity by a factor of 2.5 whereas that of P2 increased by a factor of 1.5. These changes suggest an improvement of the structural quality of CZTSe, which can partly be attributed to the effect of cleaning the film by KCN etching, the chemical effect of Cd diffusing and filling copper vacancies at the CdS-CZTSe interface layer, and/or low temperature annealing due to the CdS and ZnO deposition increasing the fraction of CZTSe with a high degree of Cu/Zn ordering (raising the intensity of P2) .  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  AUTHOR SUBMITTED MANUSCRIPT -JPhysD-118393.R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
